Abstract-Experimental results are presented which show that shear Alfvh and ion-ion hybrid waves in a hydrogen-deuterium plasma are strongly guided by magnetic fields, even at frequencies close to the cyclotron frequencies. Rays were generated by a small dipole loop antenna located at the edge of a Tokamak plasma, and detected with a poloidal array of magnetic probes. The rays were observed to follow a trajectory along helical magnetic field lines intersecting the antenna. An additional ray path through the hydrogen cyclotron layer was also observed. These results are of relevance to the problem of edge heating in ICRF experiments.
GUIDED PROPAGATION OF ALFVEN AND ION-ION
Abstract-Experimental results are presented which show that shear Alfvh and ion-ion hybrid waves in a hydrogen-deuterium plasma are strongly guided by magnetic fields, even at frequencies close to the cyclotron frequencies. Rays were generated by a small dipole loop antenna located at the edge of a Tokamak plasma, and detected with a poloidal array of magnetic probes. The rays were observed to follow a trajectory along helical magnetic field lines intersecting the antenna. An additional ray path through the hydrogen cyclotron layer was also observed. These results are of relevance to the problem of edge heating in ICRF experiments.
I N T R O D U C T I O N
RECENT experimental observations (BORG et al., 1985 (BORG et al., , 1986 have shown that the Alfven wave (also called shear, torsional, or slow Alfven) is strongly guided by magnetic fields, even at frequencies near the ion cyclotron frequency (where the wave is more commonly known as the ion cyclotron wave). These observations were made in hydrogen plasmas using a small dipole loop antenna to generate a spatially confined Alfven ray which was observed to propagate only along magnetic field lines passing through or near the antenna. These results are of significance in relation to the Alfven wave heating scheme since they indicate that an external antenna can generate directly an Alfven wave at the plasma edge, thereby heating the edge plasma. The experiments also demonstrated that the Alfven wave is generated most efficiently when current elements in the antenna are parallel to the steady field, and least efficiently when all current elements in the antenna are perpendicular to the steady field and when the wave frequency is much smaller than the ion cyclotron frequency. At wave frequencies approaching the cyclotron frequency, efficient generation of the Alfven wave is possible with any antenna orientation since the Alfven wave then has field components of comparable magnitude in all directions with respect to the steady field.
In a two ion species plasma, the Alfven wave propagates in two distinct frequency bands. In this paper we present experimental results for a hydrogen-deuterium plasma which show that the Alfven wave is strongly guided by magnetic fields in both frequency bands. To distinguish the two bands we will henceforth use the term "the Alfven wave" to describe the low frequency branch extending from zero frequency to the lower of the two ion cyclotron frequencies. The other branch has a cut-off near the ion-ion hybrid resonance frequency and a resonance at the higher of the two ion cyclotron frequencies. This branch will be called "the ion-ion hybrid wave". The two branches can be seen clearly in Fig. 1 . At low k-, the ion-ion hybrid wave interacts with the fast (compressional Alfven) wave as shown in Fig. 2 .
Wave propagation in a two ion species plasma is of interest primarily in relation to ICRF heating schemes. One of the most successful schemes involves minority species heating at the ion-ion hybrid resonance or at the minority cyclotron frequency, and is the preferred method in most ICRF experiments (SWANSON, 1985) . More recently, directly launched ion-Bernstein waves have been used successfully to heat Tokamak plasmas (ONO et al., 1985) , using antennas with current elements parallel to the toroidal magnetic field. This method contrasts with fast wave excitation where antenna current elements are perpendicular to the toroidal field and Faraday shields are used to eliminate electrostatic field components. The fast wave transports energy isotropically through the plasma and heats the plasma either by mode conversion to an ion-Bernstein wave at the ion-ion hybrid resonance layer or, if this layer is close to the minority fundamental cyclotron layer, by cyclotron resonance damping.
Direct excitation of the Alfven wave or the ion-ion hybrid wave by ICRF antennas has not previously been identified, as far as the authors are aware. Low-field side antennas can avoid excitation of these waves in the hydrogen minority heating scheme, provided the wave frequency is everywhere above the hydrogen cyclotron frequency along the whole length of the antenna. However. an antenna located on the high-field side such as used on TFR (EQUIPE TFR, 1984) or TEXTOR (MESSIAEN et al., 1985) can be expected to couple to both the ion-ion hybrid wave and the fast wave, especially at high minority concentrations. Excitation of the ion-ion hybrid wave at the plasma edge may then be partly responsible for edge heating and enhanced impurity generation observed in these experiments. Alternative mechanisms for edge heating involving coaxial modes and surface waves have been described by MESSIAEN et al. (1984) and BHATNAGAR et al. (1982) . These modes can exist if the plasma has a sharp boundary separated from the vessel wall by a vacuum. The Alfven and ion-ion hybrid waves described in this paper propagate in the low density plasma existing between the vessel wall and the limiter and do not depend on the existence of a sharp boundary. They are not normally included in theoretical models of ICRF antennas since it is usually assumed that the antenna is located in a vacuum between the vessel and the plasma edge.
In Section 2 we discuss theoretical aspects of wave guidance in a two ion species plasma. The experimental procedure is described in Section 3 and the experimental results are presented in Section 4. The conclusions are given in Section 5.
T H E O R Y
As shown by BORG et al. (1985) , the Alfven wave in a Tokamak plasma with a single ion species is almost perfectly guided along helical field lines, even when one considers non-ideal M H D effects such as finite resistivity, finite frequency, finite electron mass, finite plasma current and small density and magnetic field gradients. In general, an antenna located near the edge of a Tokamak plasma, where the density is small but not zero, will generate both the fast wave and the Alfven wave. Since the fast wave can reflect off the vessel walls, this wave is often analysed in terms of normal modes with periodic boundary conditions fixing the toroidal wavelength. The AlfvCn wave, on the other hand, propagates away from the antenna along helical field lines passing through or near the antenna and does not reflect off the vessel walls nor does it penetrate to the plasma interior. Alfven rays, localised both radially and poloidally near the plasma edge, do not appear as normal mode solutions unless one sums a sufficiently large number of high m modes to accurately reproduce the near field of the antenna and its radial feeders.
The behaviour of Alfven or ion-ion hybrid rays is more easily analysed in terms of plane wave propagation in an unbounded plasma, at least for the high k , components of the rays. These are the components which are most strongly guided by the magnetic field, B, and which satisfy the WKB approximation in the direction perpendicular to B, (FEJER, 1981) . For this reason one can analyse guided ray propagation in a mildly inhomogeneous plasma in terms of plane wave propagation in a homogeneous plasma.
Consider an Alfven ray launched along a magnetic field line by a small, localised antenna. At any axial distance, z, from the antenna, a radial Fourier transform as a function of k-may be taken in the cross-section of the wavefield perpendicular to B. A small antenna will generate a spatially confined or narrow ray containing a continuous k , spectrum, peaked at high k-. The extent to which the ray is guided by B can be determined by examining the direction of the group velocity vector as a function of k,. Those k , components with a group velocity parallel to B will be guided by the steady field. For the Alfven wave, all high k , components are strongly guided.
A distinctive feature of the Alfven wave is that in a homogeneous plasma and for
given o, k l is unique and independent of k,, at least in the MHD limit. At finite frequency, or when finite electron mass is considered, k l l is almost unique. In an inhomogeneous plasma, the Alfvkn wave propagates at the local Alfven speed. Consequently, a spatially confined ray propagating in an inhomogeneous plasma will contain a continuous but relatively narrow spectrum of k l l components associated with the density gradient and with non-ideal MHD effects. A magnetically guided Alfven ray is not subject to k l , selection as is the case for the fast wave, which is subject to periodic boundary conditions. If the ray propagates on an irrational flux surface (as shown schematically in Fig. 7 ), negligible wave energy returns to the antenna so there is no k selection other than that determined by the plasma response. If the antenna generates rays along a rational flux surface wave energy will return to the antenna after an integer number of toroidal transits, and the possibility then exists that a localised bundle of rays will be resonant when an integer number of wavelengths is equal to the length of the closed field line. However, in most experiments this situation would not arise since the rays will be intercepted by the limiter.
Magnetically guided rays are not subject to k , selection since the rays do not reflect off the vessel walls and do not penetrate the plasma interior. The plasma boundary IS effectikely at infinity and therefore has no effect on the k , spectrum. At first sight, this is not obvious since each plane wave component has its propagation vector directed towards the boundary or into the bulk plasma. Nevertheless, the Poynting vector for each component is directed parallel to B and the superposition of the continuous spectrum of k-components generated by a localised source produces a ray with a negligible wave field at the boundary. Since there is no k , selection and no k l l selection, there are no boundary conditions to be imposed on Alfven or ion-ion hybrid rays.
To examine wave guidance in a plasma with two ion species, we consider the cold plasma dispersion relation (STIX, 1962) Pk! + Q k f + M = 0 where 2 0 2 P S
For a hydrogendeuterium plasma we adopt the j = 2 for deuterium and j = e for electrons, with notation that j = 1 for hydrogen, BQ;
where q , = q2 = e, qe = -e, ne = n , + n2, B is the steady magnetic field, nj is the number density of species j and mj is the mass of species j . The ratio, G, of the group velocity components can be determined directly from equation (1) and is given by Solutions of equations ( 1 ) and (2) are given in Figs. 1 and 2 for conditions appropriate to the experiment described below. The dipole loop has a transverse dimension of 2 cm and therefore generates a ray with a continuous spectrum of k , components, with k , 5 300 m-'. Figure 1 shows the parallel phase velocity w / k I , normalised to the Alfven speed vs normalised frequency n, = o/ocl for k , = 30 m-l and 300 m-1 with n,/n2 = 0.2, B = 0.7 T and ne = 10" m-3 (corresponding to a typical edge density). For these conditions, the fast wave is evanescent (kfi < 0) when Q, < 4.8, the Alfven wave is evanescent when !2, > 0.5 and the ion-ion hybrid wave propagates in the narrow frequency range 0.886 < R, < 1. The parallel phase velocity depends only weakly on k-so that Alfven or ion-ion hybrid rays composed of a continuous spectrum of k , components will remain relatively coherent, at least within several parallel wavelengths from the antenna. It can be seen from Fig. 1 that wave propagation parallel to B is evanescent for the high k , components at frequencies between the deuterium cyclotron frequency and the ion-ion hybrid cut-off frequency, R,, where k l , = 0. The cut-off frequency lies very close to the ion-ion hybrid resonance frequency ( k , = m, k # 0) and, for n,/n, = 0.2 occurs at R, = 0.886. Low k-components can propagate in this frequency range as a fast wave, as shown in Fig. 2 for ne = lo" m-3 (typical average density) and k , = 10 m-'. The cut-off frequency for the fast wave is proportional to k , and lies above the hydrogen cyclotron frequency, for ne = lo'' m-3, when
The variation of G with R, is also shown in Figs. 1 and 2. Since G < 1 over a wide range of R, and k,, energy in the Alfven and ion-ion hybrid waves is carried primarily parallel to B. At high k,, G exceeds 0.1 only at frequencies extremely close to the cyclotron or ion-ion hybrid cut-off frequencies. At low k-, G is typically about 0.2 near the cyclotron frequencies but approaches infinity at the cut-off frequencies. For the fast wave, G -k,/k since the group velocity vector is parallel to the propagation vector. However, the fast wave is strongly modified near the ionion hybrid frequency as shown in Fig. 2 .
We conclude that in a hydrogen-deuterium plasma, wave energy from a small, localised antenna near the plasma edge will be transported parallel to B when Q, < 1 except for the frequency range 0.5 < R, < Qc where the high k , components are evanescent or where G > 0.1 or where the low k , components can propagate as a fast wave. We anticipate these conclusions to remain valid when finite temperature effects are considered, since, as shown by STIX (1980), kinetic effects are significant only when /le > me/m,, and the Alfven wave at high k , propagates as the kinetic Alfven wave. Under most Tokamak conditions, be < m,/m, at the plasma edge. However, even if /le > m,/m,, the group velocity vector of the kinetic Alfven wave is directed closely parallel to the steady field. The main theoretical uncertainty is the effect on wave guidance of the steep density gradient at the plasma edge.
The results shown in Figs. 1 and 2 apply to a uniform density plasma. Small density gradients do not have a significant effect on wave guidance, since, in a WKB sense, the density is effectively uniform for the high k , components (BORG et al., 1985; FEJER, 1981 ). An infinitely steep gradient also has no effect since the Alfven wave is not refracted by a density step, at least in the M H D limit (FERRARO, 1954) . Arbitrary radial density gradients have no effect on the m = 0 azimuthally symmetric Alfven wave since each annular element of plasma undergoes torsional oscillations independently of adjacent elements. The physical properties of Alfven wave modes containing a continuous spectrum of k l l and high in components have not been determined theoretically for an inhomogeneous plasma. However, the experimental results described below indicate that a steep density gradient does not interfere with wave guidance.
The antenna-wave coupling problem for a dipole loop antenna immersed in a plasma and excited at low wave frequencies was examined by BORG et al. (1985) . The analysis has not yet been extended to include finite frequency effects. The effect of finite frequency can, however, be estimated qualitatively by considering the wave magnetic field components. The ratio of the parallel to perpendicular magnetic field components, ~b l l / b ,~ is shown in Fig. 3 for conditions typical of the experiment described below. At low wave frequencies, the Alfven wave is primarily transverse magnetic. Consequently, current elements perpendicular to the steady magnetic field do not launch the Alfven wave at low wave frequencies. At finite frequency, the Alfven and ion-ion hybrid waves develop a significant b l l component and will therefore be generated by current elements either parallel or perpendicular to the steady magnetic field.
E X P E R I M E N T A L P R O C E D U R E
The experiment was conducted in TORTUS, a research Tokamak with a rectangular cross-section stainless steel vessel, 34 x 26 cm, and major radius 44 cm. The plasma minor radius was limited to 10.5 cm by two vertical stainless steel rods and in-out position of the plasma was feedback controlled to centre the plasma within k 5 mm. The plasma was heated with a 20 kA peak, 28 ms duration discharge either in hydrogen or in a hydrogen-deuterium gas mixture. The partial pressures of hydrogen and deuterium were monitored with an ion-gauge and were maintained at 2.0 x torr respectively during the course of the gas mixture experiment. Wall cleanliness was maintained by regular Taylor discharge cleaning. The toroidal field varied from a peak of 0.75 T at the beginning of the discharge to 0.56 T at the end of the discharge with an LIR = 85 ms time constant. Typical waveforms of the toroidal field and plasma current are given in Fig. 4 . The electron density and temperature were respectively 1 x 10l9 m-3 and about 100 eV on axis, and 1 x 10'' m-3 and 20 eV near the plasma edge where all probe measurements were taken.
The experimental arrangement is shown schematically in Fig. 5 . Waves were excited by a 2 x 8 cm rectangular current loop antenna situated at the top of the vessel at major radius 44 cm and positioned with its inner edge at minor radius 10.2 cm and with its axis parallel to the poloidal direction. Results obtained in hydrogen with the antenna axis parallel to the toroidal direction were reported previously torr and 1.0 x (BORG et al., 1986) . The main differences between the two antenna orientations are (a) the Alfven wave is excited more efficiently when the antenna axis is parallel to the poloidal direction, and (b) guidance of the Alfven wave is more easily interpreted when the antenna axis is parallel to the poloidal direction since the antenna subtends a smaller poloidal angle and therefore generates rays which are more localised poloidally. The antenna consisted of teflon insulated wire inside a 6 mm OD quartz sheath formed into the shape of a rectangle. The antenna was not electrostatically shielded since (a) the experiment was conducted at low r.f. power, (b) the magnetic probes used to detect the wave signals were designed to eliminate electrostatic signals and (c) no qualitative differences in wave magnetic signals were observed in initial tests with an electrostatically shielded loop, either at frequencies below or above the cyclotron frequencies or with the loop axis parallel or perpendicular to the toroidal direction. Wave signals at the plasma edge were measured with an array of six differential coils oriented to detect the poloidal magnetic field component, 6,. Each coil consisted of 20 turns of 0.2 mm diameter wire wound on a 3 mm diameter flexible PVC tube. The array was inserted in an 8 mm OD quartz tube encircling the plasma poloidally at minor radius 11.2 cm, and located 180" toroidally from the antenna. The coils were spaced poloidally at 10" intervals and the array could be repositioned between successive discharges to span the entire poloidal circumference after six discharges. Differential magnetic probes are usually constructed with two coils having a common ground, the separate signals being subtracted to eliminate electrostatic pickup. In this experiment, each of the six coils was allowed to float above ground and the signals were converted to a single ended voltage by a hybrid combiner to separate the magnetic and electrostatic components. Since we have not seen this design previously, it is given in Fig. 6 . The main advantages of the hybrid combiner are that it is passive, wide band, easy to construct, has excellent common mode rejection and provides input isolation. The coil signals were subsequently amplified, filtered at the operating frequency, detected by a mixer detector and digitised by a LeCroy waveform analyser.
The antenna was driven by an r.f. chain consisting of an externally triggered .r.f. signal source of continuously adjustable frequency, a 200 W broadband amplifier, a 2 kW linear amplifier and a matching network. The antenna current was monitored with a current transformer so that the probe signals could be normalised to the antenna current which varied slightly during the discharge.
For each operating frequency, a total of 24 shots were analysed to check reproducibility and to obtain a complete 360" poloidal profile of the wave magnetic field component, bo. The electrostatic component of the wave signal was monitored but not analysed since the coils were fed to the hybrid combiners using twisted leads. The coils did not provide a local measurement of the electrostatic field since this field couples to both the coil and the twisted leads. Typically, the electrostatic signal was about 4 times smaller than the magnetic signal.
E X P E R I M E N T A L R E S U L T S

Ray propagation in hydrogen
In order to provide a comparison with profiles measured in a hydrogen-deuterium plasma, we show in Fig. 7 poloidal profiles of bo, normalised to the antenna current, 1, for a 20 kA discharge in hydrogen. The profiles in Fig. 7 are displayed at a time t = 5 ms into the discharge when the toroidal field at the major radius is The poloidal (6') coordinate for all profiles in this paper is taken to be zero at the top of the plasma, i.e. at the antenna location, with 6' > 0 on the high field side and 6' < 0 on the low field side.
At t = 5 ms and for R I < 1.0, the profiles peak at 6' = +38" and 6' = -60", corresponding to ray propagation along helical field lines from the antenna to the high and low field sides of the torus respectively. The trajectory of each ray is shown schematically in Fig. 7 . Further transits of the rays around the torus are not observed either because the limiter acts as an obstruction or because the rays are attenuated or because they do not intercept the probe array. At the end of the discharge, q rises rapidly and the peaks coalesce at 6' = 0". Radial profiles of h,, measured in a short, 2.5 ms duration discharge confirm that the rays are confined to the edge plasma. Indeed, we have observed that individual ray paths can be blocked simply by inserting an obstruction at the plasma edge between the antenna and the poloidal array. In TORTUS, the limiters are vertical rods and do not obstruct ray paths at the top or bottom of the plasma. At SZ, z 1.0 there is no ray propagation on the low field side, indicating clearly that the Alfven wave encounters the ion cyclotron resonance and does not propagate at frequencies above the cyclotron frequency. In this respect, the variation of toroidal field with major radius produces a magnetic beach configuration analogous to the early ion cyclotron heating experiments in linear devices. The ray on the high field side remains strongly guided, even at frequencies close to the cyclotron frequency. At the end of the discharge, the ray on the high field side also encounters the cyclotron resonance and its amplitude drops to zero. It will be noted that there is no clear evidence of fast wave propagation in the results shown in Fig. 7 . The fast wave is observed clearly only when f > 18 MHz, where it propagates as a cavity mode. Distinct eigenmode peaks are then observed due to changes in density during the discharge.
Ray propagation in hydrogen-deuterium plasmas
Poloidal profiles of b,, normalised to the antenna current, are shown in Figs. 8
and 9 for a hydrogendeuterium plasma with nH/nD = 0.2. The profiles for C l , < 0.5, Fig. 8 , show the same features as observed in the pure hydrogen plasma, except for the fact that the cyclotron resonance for deuterium is encountered at a lower wave frequency. These results agree with the theoretical predictions, shown in Figs. 1 and  2 , that the Alfven wave in a hydrogen-deuterium plasma is magnetically guided at frequencies below the deuterium cyclotron frequency.
When R I > 0.5, Fig. 9 , the observed profiles vary significantly with wave frequency and with time during the discharge. The profiles depend strongly on the location of the ion-ion hybrid cut-off and the hydrogen cyclotron layers. These layers are vertical in the plasma cross-section, are separated by about 5 cm in major radius and move approximately 10 cm towards the high field side during the discharge due to the decrease with time of the toroidal field. The location of these layers is shown in Fig. 10 for comparison with the profiles in Fig. 9 . As described in Section 2, guided wave propagation is expected in a narrow frequency range between the cut-off and hydrogen cyclotron frequencies, but not at frequencies above the hydrogen cyclotron frequency or between the deuterium cyclotron frequency and the cut-off frequency. These features are observed clearly in the experimental results as described in detail below. In addition, fast wave eigenmodes are observed at frequencies above 13 MHz and non-guided wave propagation is observed between the deuterium cyclotron frequency and the cut-off frequency. A small sample of the raw data used to construct the profiles in Figs presented in Fig. 11 . The most notable features are the absence of cavity modes at frequencies below 13 MHz and the strong variation in wave amplitude with time and poloidal location due to guided wave propagation. It will be also noted from Fig. 11 that the cavity modes produce much larger wave fields at the plasma edge than the guided waves. Guided ray propagation along helical field lines intersecting the antenna is observed at 8.16 MHz for times t > 18 ms and at 10.0 MHz for times t < 20 ms.
During these time periods, the cut-off and cyclotron layers pass through the antenna. Distinct wave peaks are then observed either side of Q = 0, corresponding to direct ray paths from the antenna to the low and high field sides of the torus. At 10.0 MHz and for times t > 7 ms, only the high field side ray is observed since the low field side ray encounters the hydrogen cyclotron resonance. At 10.0 MHz, and for times 7 ms < t < 20 ms, a distinct peak in the b, profile is observed at the bottom of the plasma (e = i180'). The peak reaches its maximum amplitude at 15 ms, corresponding to the time at which the hydrogen cyclotron layer passes through the antenna. This result indicates that the group velocity vector develops a significant perpendicular component near the hydrogen cyclotron frequency, allowing wave energy to propagate through or near the cyclotron layer from the antenna (at the top of the plasma) to the probe at the bottom of the plasma (located 180" toroidally away from the antenna). The ray path from the antenna to the probe can be visualised clearly by referring to the shaded region of wave propagation in Fig. 10 . Similar behaviour was not observed at the deuterium cyclotron frequency or at the hydrogen cyclotron frequency in pure hydrogen. The peak at the bottom of the plasma must therefore be due to the ionion hybrid wave which, as shown in Fig. 2 , propagates across field lines in the vicinity of the cyclotron layer with G 2 0.5. The variation of G with k-and with Q, is rather complex, but calculations similar to those in Fig. 2 indicate that all low k , components (k-5 30 m-') develop a strong perpendicular group velocity component in the narrow frequency range 0.85 < a, < 1. Consequently a ray containing a continuous spectrum of these components will be guided vertically through the plasma between the cyclotron and ion-ion hybrid cut-off layers. It will also be noted from Fig. 2 that low k+ components of the fast wave propagate isotropically through the plasma over a relatively wide range of frequencies. The fast wave therefore constitutes the non-guided component of all the profiles shown in Fig. 9 .
The results at 6.60 MHz, and at 8.16 MHz for times t < 17 ms, are not easily explained. Distinct peaks are observed at Q = +90° and 8 = -90". These peaks do not correspond to guided wave propagation along helical field lines through the antenna. Rather, they occur at locations where the toroidal field is either a maximum or a minimum and at frequencies where high k -wave propagation is evanescent. If we assume that these peaks are associated with low k , components of the fast wave, and note that cavity modes are observed only at frequencies above 13 MHz, then they may be due to interference of low m = k 1, k2, . . . , modes of the surface wave (CRAMER and YUNG, 1986; CROSS and MURPHY, 1985) . These modes have large wave field components at the plasma edge which would be enhanced at 6 = +90" in this experiment due to the proximity of the vessel walls at these locations. The TORTUS vessel is rectangular, the top and bottom walls being considerably further away from the plasma edge than the inner and outer walls. The absence of the surface wave at other wave frequencies in Figs. 7, 8 and 9 can be attributed to damping of the surface wave by mode conversion whenever an Alfven resonance or ion-ion hybrid resonance surface is in the plasma.
C O N C L U S I O N S
Experimental results have been presented which demonstrate that Alfven and ion-ion hybrid rays in a two ion species plasma can be generated directly in the edge plasma by an external antenna. Alfven rays are guided along magnetic field lines and therefore contribute to heating of the edge plasma. At high input power levels, Alfven rays will also influence magnetic confinement of the edge plasma due to the strong transverse magnetic field components. Ion-ion hybrid rays with high k , components are also guided along magnetic field lines. The low k , components can propagate as rays either along field lines or across field lines between the cyclotron and ion-ion hybrid cut-off layers. Ion-ion hybrid rays propagating along and across field lines were observed simultaneously in this experiment. These results are consistent with theoretical predictions of the direction of the group velocity vector, although a ray tracing analysis would provide a better comparison between theoretical expectations and the experimental results.
The antenna used in this experiment was chosen to generate these rays efficiently and, as such, is not typical of antennas used in ICRF heating experiments. Nevertheless, the calculations given in Fig. 3 and previous experimental results (BORG et al., 1986) show that guided rays can be easily generated with antennas having elements either parallel or perpendicular to the steady field. However, they are not easily detected, since they are localised both radially and poloidally near the plasma surface. Positive identification requires a complete 360" poloidal profile of the wave fields at the plasma edge.
Antennas used for minority heating usually occupy a significant fraction of the poloidal circumference and will therefore generate ion-ion hybrid rays in the edge plasma if any part of the antenna lies near or between the hybrid cut-off and minority cyclotron layers. Despite the successes achieved with this heating scheme, edge heating remains a serious problem in many experiments. We suggest that a measurement of the poloidal profile of the wave fields at the plasma edge may help to identify the nature of the problem and to determine the extent to which guided ray propagation contributes to edge heating.
